ABSTRACT: Lipopolysaccharide (LPS) preconditioning reduces ischemic injury in adult brain by activating Toll-like receptor 4 (TLR-4). We sought to investigate the effect of brain maturity on the efficacy of LPS preconditioning against hypoxic-ischemic (HI) injury in the developing rat brain. Rat pups at the specified age were randomly assigned to LPS-treated (0.1 mg/kg) or saline-treated groups. HI injury was induced 48 h later by occluding the right common carotid artery followed by transient hypoxia. Brains were removed 1 wk after HI injury, and infarct volumes were compared between the two groups. TLR-4 expression was also compared among different ages. We found that LPS treated P7, P9, and P14 rat pups had significantly smaller infarct volume compared with saline-treated pups (p ϭ 0.006, 0.03, and 0.01, respectively). This significant reduction in infarct volume was not observed in P3 and P5 rats. TLR-4 expression was significantly higher in older rats compared with P3 and P5 rats (p Ͻ 0.01). These findings indicate that LPS-induced preconditioning is a robust neuroprotective phenomenon in the ischemic developing brain that is age dependent. Pattern of TLR-4 expression is also affected by brain maturity and likely to be responsible for differences in the efficacy of LPS preconditioning. (Pediatr Res 70: 10-14, 2011) D elayed preconditioning is a potent protective phenomenon in which a tissue like the brain develops resistance to ischemic injury after exposure to a variety of subinjurious stimuli such as brief ischemia, hypoxia, or low dose of lipopolysaccharide (LPS) (1-5). This neuroprotective effect is prolonged and can last for several days after the exposure to the subinjurious stimulus. LPS neuroprotection is well documented in adult stroke animal models (6 -9), whereas studies on LPS preconditioning in the hypoxic-ischemic (HI) immature brain are scarce (10,11). In contrast to ischemic adult brain, LPS given to postnatal d 7 (P7) rat pups 72 h before HI injury increased brain damage but was neuroprotective when administered 24 h before the HI insult (10). Recently, we have shown that LPS preconditioning protected against cardiopulmonary bypass-related brain injury in neonatal piglets when administered 72 h before the procedure (11). These conflicting results on the effect of LPS treatment before HI injury in the developing brain may be attributed to differences in LPS doses, time interval between LPS treatment and the severity of the HI insult. Moreover, the influence of brain maturity on the pathophysiology of ischemic injury is well documented (12) (13) (14) . It is conceivable, therefore, that there may be a critical developmental window at which the phenomenon of delayed preconditioning can be used to protect the developing brain against ischemic injury.
D elayed preconditioning is a potent protective phenomenon in which a tissue like the brain develops resistance to ischemic injury after exposure to a variety of subinjurious stimuli such as brief ischemia, hypoxia, or low dose of lipopolysaccharide (LPS) (1) (2) (3) (4) (5) . This neuroprotective effect is prolonged and can last for several days after the exposure to the subinjurious stimulus. LPS neuroprotection is well documented in adult stroke animal models (6 -9) , whereas studies on LPS preconditioning in the hypoxic-ischemic (HI) immature brain are scarce (10, 11) . In contrast to ischemic adult brain, LPS given to postnatal d 7 (P7) rat pups 72 h before HI injury increased brain damage but was neuroprotective when administered 24 h before the HI insult (10) . Recently, we have shown that LPS preconditioning protected against cardiopulmonary bypass-related brain injury in neonatal piglets when administered 72 h before the procedure (11) . These conflicting results on the effect of LPS treatment before HI injury in the developing brain may be attributed to differences in LPS doses, time interval between LPS treatment and the severity of the HI insult. Moreover, the influence of brain maturity on the pathophysiology of ischemic injury is well documented (12) (13) (14) . It is conceivable, therefore, that there may be a critical developmental window at which the phenomenon of delayed preconditioning can be used to protect the developing brain against ischemic injury.
LPS is a known specific ligand for Toll-like receptor 4 (TLR-4), one of the Toll-like receptors (TLRs) that recognize foreign pathogens. LPS-mediated ischemic tolerance in the adult brain occurs by stimulation of TLR-4 signaling pathways (6, 15) , resulting in alteration in gene expression profiles (16) and dampening of ischemia-induced inflammatory response. It is not known, on the other hand, whether TLR-4 is expressed in the immature brain.
In this study, we investigated the effect of brain maturity on LPS-induced preconditioning in the HI rat brain. We hypothesized that the efficacy of TLR-4 mediated LPS preconditioning is influenced by brain maturity. Consequently, characterizing the effect of age on this phenomenon may be crucial for its translation as neuroprotective therapy for infants at high and predictable risk of ischemic brain injury.
METHODS
Preconditioning. Pairs of pregnant Wistar rats underwent natural delivery of their litters within our animal research laboratory. Litters were randomized to intraperitoneal injection of LPS or saline and nursed together with their dam. At the prespecified age, each litter was blindly injected with either 0.1 mg/kg of Escherichia coli lipopolysaccharide serotype 0111:B4 (Sigma Chemical Co.-Aldrich, St. Louis, MO) or an equivalent volume of saline placebo. After injection, animals were returned to a warmed incubator and housed with their dam. We did pilot studies to identify the optimum LPS dose to induce maximum protection in P7 rat pups. There was no significant difference in efficacy between low and high doses of LPS (Fig. 1) ; so, we choose a low LPS dose of 0.1 mg/kg injected intraperitoneally 48 h before the HI insult. Animals were killed 1 wk later. Untreated control animals were injected with equal volume of normal saline. The study was undertaken with full approval of the Research Ethics Board and Animal Research Department at The Hospital for Sick Children.
HI insult. We used the Rice-Vannucci model (RVM), the most commonly used model to study HI brain injury in the developing brain (17) . Rats (Wistar) aged 7-10 postnatal days correspond to term human newborn (14) . Unilateral internal carotid artery ligation in rat pups followed by exposure to 8% hypoxia for approximately 65 min causes a reproducible unilateral infarct ipsilateral to the ligated artery involving caudate, putamen, hippocampus, and cortex (18) . Body temperature was maintained at 37-37.5°C during hypoxia using an incubator. Animals were then killed at 1 wk after the HI insult using pentobarbital. Brains were removed and processed to be used in hematoxylin and eosin (H&E) and immunohistochemistry studies.
Assessment of brain damage. Treatment protocol described above was applied to pups at the specified age groups. Brains were immediately removed 1 wk after the HI insult, fixed, embedded in paraffin, and cut into 5-m coronal sections. The total area of brain tissue loss was measured on H&E-stained sections using the Nikon NIS-Element Basic Research Image analysis software system, version 3.0. Total infarct volume in the whole effected hemisphere was calculated according to Cavalieri principle: V ϭ APt, where V is the total volume expressed as mm 3 , A is the sum of the areas measured, P is the inverse of the section sampling fraction (1/200), and t is the section thickness (5 m) (19) . Adjacent sections were deparaffinized to be stained with Fluoro-Jade (Chemicon, MA) as previously described (11) . Fluoro-Jade is an anionic fluorochrome that selectively stains injured neurons. Infarct volumes and number Fluoro-Jade positive cells were compared between the LPS-treated and untreated (saline) rat pups.
TLR-4 expression. Brains from rat pups aged P3, P5, P7, P9, and P14 (n ϭ 6 rats for each age group) were removed and immediately fixed in 10% formalin. Paraffin-embedded coronal sections were cut (8 m) at the level of the hippocampus, dewaxed with xylene, hydrated, and pretreated with heatinduced antigen retrieval technique. Sections were then stained with rabbit anti-TLR-4 (1:50; Santa Cruz) at 4°C over night. TLR-4 expression was then detected by goat anti-rabbit horseradish peroxidase (HRP; 1:100; Chemicon) for 1 h at room temperature and DAB substrate kit for Peroxidase/Vector/ SK-4800. The number of TLR-4 positive cells were counted in 4 -5 high power fields (40ϫ) using Image J computer software (National Institutes of Health, Bethesda, MD) and compared among the different age groups. Double staining. Antibody for CD68, glial fibrillary acidic protein (GFAP), and neurofilaments (NF) are well-established marker for detecting microglia, astrocytes, and neurons, respectively. Double staining with anti-CD68/anti-TLR4, anti-GFAP/anti-TLR4, and anti-NF-TLR4 was done to determine whether microglia, astrocytes, and/or neurons in P7 developing brain express TLR-4. TLR-4 staining was carried out as described above. Then, the immunohistochemical procedure for CD68, GFAP, and NF was performed. Sections were retreated with endogenous peroxidase and biotin before incubation with anti-mouse CD68 at 1/50 dilution (Santa Cruz), anti-mouse GFAP 1:1000 (Sigma Chemical Co.), or anti-chicken NF at 1:200 (Chemicon) for 60 min at room temperature. Immunodetection was performed employing the Elite ABC detection system (Vector Laboratories, Burlingame, CA), as described by the manufacturer, in conjunction with the Vector VIP substrate kit (Vector Laboratories), as the chromogen, producing a purple reaction product. The counterstain of preference was hematoxylin, for blue nuclear detail.
Statistical analysis. Comparison of continuous data between experimental groups was made using unpaired t test or one-way ANOVA for groups more than two. Normality was evaluated by the Kolmogorov-Smirnov test. Results were considered to be statistically significant if two-tailed p value was Յ0.05. All data were presented as mean Ϯ SEM, and statistical analysis was done using GraphPad InStat (GraphPad Softwear Inc, San Diego).
RESULTS
LPS-induced preconditioning is modulated by brain maturity. Low dose of LPS (0.1 mg/kg), given to P7 rat pups 48 h before exposing them to HI injury, reduced brain damage as shown for example by the reduction in fluoroscopic staining of irreversibly injured hippocampal neurons in the LPS-treated pups when compared with untreated pups (Fig. 2B and D) . In fact, LPS treatment resulted in 90% reduction in infarct volume compared with untreated rats of the same age (8.4 Ϯ SEM 2.8 mm 3 versus 104 Ϯ SEM 28 mm 3 , respectively, p ϭ 0.006; Fig. 3 ). Preterm infants are known to be at high risk of HI injury (20) . Therefore, we investigated the efficacy of LPS protection in P3 and P5 rat pups. Interestingly, the neuroprotective effect of LPS was abolished in very young rat pups. There was no significant difference in infarct volumes between treated and untreated pups in the two age groups. Neuroprotection could not be achieved in P3 and P5 pups even at higher LPS concentration of 0.3 mg/kg (p ϭ 0.06 and p ϭ 0.2, respectively, in the LPS-treated rats when compared with untreated rats; n ϭ 5 pups/group/age). However, LPS continued to be neuroprotective in older rats (P9 and P14; Fig. 3 ).
In summary, the experimental litters in our protocol spanned the preadult mammalian developmental window- Figure 1 . Low doses of LPS are adequate to achieve LPS-induced neuroprotection in P7 ischemic rat brain. Intraperitoneal injections of LPS at doses ranging from 0.05 to 0.3 mg/kg were given to P7 rats 48 h before HI injury. The animals were then killed 1 wk after the HI insult. Brains were immediately removed and processed for H&E staining. Total Infarct volume was calculated according to Cavalieri principle and compared with saline treated rats. There was no added benefit of using higher doses of LPS. from P3 (preterm human equivalent) to P7 (human term equivalent) through to P14 (human early childhood equivalent). We were unable to effectively precondition those litters corresponding to human preterm. However, a switch in susceptibility to LPS preconditioning seemed to take place around P7-human term-equivalent. From this point onward, low-dose LPS offered marked protection against cerebral HI injury by reducing infarct volume several-fold.
Efficacy of LPS neuroprotection is associated with TLR-4 expression in the developing brain. LPS is a specific ligand for TLR-4 (15)
. It is plausible that LPS-mediated neuroprotection is dependent on cortical TLR-4 expression in the developing brain. Indeed, TLR-4 was highly expressed in P7 (Fig. 4) . This pattern of expression was not observed in the brains of P3 and P5 rat pups. The number of TLR-4 positive cells was significantly lower in P3 and P5 rat brains compared with P7, P9, and P14 pups (Fig. 5A) . Therefore, cerebral expression of the LPS receptor-TLR4 -parallels the susceptibility to LPS preconditioning in the developing brain in a maturation-dependent fashion. These findings suggest that differences in TLR-4 expression are likely to be responsible for the age-dependent differences observed in the efficacy of LPS-preconditioning in the ischemic developing brain. To determine whether TLR-4 is necessary for LPS-mediated preconditioning, we investigated the effect of LPS-RS, which impairs the ability of LPS to activate TLR-4 signaling pathway (21), on LPS-induced neuroprotection. Neuroprotection was not achieved in P7 rat pups that were treated with LPS-RS and LPS compared with those treated with LPS alone as shown in Figure 5B .
Identify the cellular localization of TLR-4 in the developing brain is an important step toward understanding the mechanism of LPS-induced neuroprotection. We preformed double staining for TLR-4/CD68, TLR-4/GFAP, and TLR-4/NF markers for microglia, astrocytes, and neurons, respectively. TLR-4 was widely expressed in microglia and astrocytes, whereas its expression was limited to few neurons (Fig. 6) . LPS-induced ischemic preconditioning reduced infarct volume in P7, P9, and P14 but not P3 and P5 rat pups. P3, P5, P7, P9, and P14 rat pups were randomly assigned to LPS-treated group or untreated group (n ϭ 5-6 rats/group for each age). The LPS-treated group received a single ip injection of 0.1 mg/kg LPS. The untreated group received equal volume of normal saline. Forty-eight hours after LPS or normal saline injection, HI injury was induced by ligating and cutting the right internal carotid artery followed by subjecting the animal to transient hypoxia. The animals were then killed 1 wk after the HI insult. Brains were immediately removed and processed for H&E staining. Total infarct volume was calculated according to Cavalieri principle. LPS ischemic preconditioning reduced infarct size by 90%, 77%, and 73% in P7, P9, and P14 rats, respectively, but had insignificant affect on infarct volume in P3 and P5 rats. p Ͻ 0.03 when infarct volume compared with saline-treated rats. Blocking TLR-4 abolished LPS-induced precondition. P7 rat pups were injected 0.1 mg/kg of LPS-RS followed by LPS injection 6h later as described above. Brains were immediately removed 1 wk after HI injury and processed for H&E staining. Total infarct volume was calculated according to Cavalieri principle. p Ͻ 0.05 when infarct volume compared with saline-treated rats. Figure 6 . TLR-4 is expressed predominately in microglia and astrocytes of the P7 rat developing brain. Double staining with (A) anti-TLR4 and anti-CD68, a marker for detecting microglia, (B) anti-TLR-4 and GFAP, a marker for astrocytes, and (C) anti-TLR4 and anti-neurofilaments was done in P7 rat brains. Immunodetection was performed using DAB substrate kit for Peroxidase/Vector/SK-4800 to detect TLR-4 staining (brown), in conjunction with the Vector VIP substrate kit for Peroxidase/Vector/SK-4600 to detect anti-CD68, GFAP, or anti-neurofilaments (purple). The counterstain was hematoxylin, for blue nuclear detail. Arrows indicate cells expressing TLR-4 and CD68 (A), cells expressing TLR-4 and GFAP (B), and cells expressing TLR-4 and neurofilaments (C). Magnification ϫ20.
DISCUSSION
The core principle in preconditioning against ischemic injury is that the dose of the preconditioning stimulus must be high enough to have an effect but at a subthreshold level that will not cause damage. In rodents, the preconditioning dose for LPS is typically in the 0.05-1.0 mg/kg range (2, 9, 10, 22) although for other mammals this may differ (11) . Another key factor influencing the efficacy of LPS-preconditioning is the timing of LPS administration before the HI insult. LPS administered 72 h before the HI injury increased brain damage in P7 rats (10) . Our data have shown that low dose of LPS was neuroprotective when administered 48 h before HI injury. These studies, taken together, indicated that the time interval between exposure to the subinjurious stimulus and the injurious stimulus was very critical to elicit preconditioning. The low dose of LPS required to induce neuroprotection and the convenient interval of 24 -48 h between LPS administration and ischemic injury make LPS a plausible neuroprotective agent against ischemic injury that may be used in specific clinical settings with convenient therapeutic window.
Here, we determined a third key factor in LPS preconditioning against cerebral ischemic injury, namely, the stage of brain development. We have shown that LPS preconditioning is effective in P7 rats (correspond to term human newborn), P9, and P14 but ineffective in rat pups younger than P7 (correspond to premature human newborn). Eklind et al. (10) previously reported that LPS administered 72 h before HI was ineffective in P4 rats. However, LPS was shown to worsen brain damage when given at this time interval to P7 rats before the HI episode. In our study, LPS administered to rat pups at all ages 48 h before HI injury reduced infarct volume by 90% in P7 rats. Nevertheless, reduction in infarct volume could not be observed in P3 and P5 pups. Our results indicate that robust neuroprotection against cerebral ischemic injury by LPS preconditioning is an age-dependent phenomenon.
The mechanism of LPS-induced preconditioning is not fully understood. LPS is a known specific ligand to TLR-4, one of the TLRs that recognize foreign pathogens. A putative mechanism suggested by Karikó et al. (16) proposed that activation of TLR-4 by low dose LPS causes a mild inflammatory response, which includes the production of TLR-4 inhibitors (e.g. phosphatidylinositol 3-kinase). These endogenous inflammatory inhibitors would remain up-regulated until the subsequent ischemic insult occurs. Presence of inflammatory inhibitors would suppress the innate immune system so that ischemia-induced inflammatory response would be reduced, resulting in reduced brain damage. TLRs were shown to be expressed in microglia, astrocytes, and oligodendrocytes of the human adult brain (23, 24) . In the developing brain, only TLR-8 expression was shown in neurons of embryonic and neonatal mouse brain (25) . Expression of the other TLRs in the developing brain has not been previously reported. Here, we have shown that TLR-4 was highly expressed in microglia and astrocytes of P7 and P9 but in significantly less amounts in P3 and P5 rat brain. Reduced expression of TLR-4 in the younger rats may explain why LPS was not protective in this age group. Several issues are raised by our study and will be addressed in future studies. First, do reduced TLR-4 levels simply shift the LPS dose-response preconditioning window, or is LPS preconditioning completely abrogated at all doses? Second, what are the nature and mechanisms of changing TLR-4 levels; are they restricted to TLR-4 or generic to other TLRsubtypes? Third, can preconditioning be induced in the premature brain by activating other TLR-subtypes? Activation of TLR-2 (26) and TLR-9 (27) has been shown to induce preconditioning in adult stroke models. Fourth, what is the mechanism of neuronal protection by LPS-mediated TLR-4 activation in astrocytes and microglia? Finally, do low levels of TLR-4 expression seen in P3 and P5 pups render the premature brain relatively resistant to HI injury. This suggestion is supported by the recent demonstration that adult TLR-4 Ϫ/Ϫ mutants are resistant to injury (28) .
Preconditioning is a feasible neuroprotective strategy in children with predictive high risk of cerebral ischemic injury. Newborns with congenital heart disease (10 -12/1000 live births) are an example of such patient population. Acquired ischemic brain injury will occur in children before (39%) or after (35%) their cardiac procedure (29 -31) . Brain damage in these children could have potentially been prevented by preconditioning. However, we need to have a better understanding of the underlying molecular pathways leading to precondition in the developing brain before this neuroprotective therapy be used in the care of children with congenital heart disease.
CONCLUSIONS
We report two novel findings in this study: 1) LPS-induced preconditioning is modulated by brain maturity and 2) TLR-4 is expressed in the immature brain in a specific developmental profile. It is likely that LPS preconditioning against ischemic injury in the developing brain is mediated by TLR-4 activation. Therefore, differences in TLR-4 expression, reported here, are likely to cause the age-dependent efficacy of LPS preconditioning. Other TLRs may play a role in mediating preconditioning depending on the developmental age.
